The investigation of resistance vessels is generally costly and difficult to execute. The present study investigated the diameters and the vascular reactivity of different segments of the rat tail artery (base, middle, and tail end) of 30 male Wister rats (EPM strain) to characterize a conductance or resistance vessel, using a low-cost simple technique. The diameters (mean ± SEM) of the base and middle segments were 471 ± 4.97 and 540 ± 8.39 µm, respectively, the tail end was 253 ± 2.58 µm. To test reactivity, the whole tail arteries or segments were perfused under constant flow and the reactivity to phenylephrine (PHE; 0.01-300 µg) was evaluated before and after removal of the endothelium or drug administration. The maximal response (E max ) and sensitivity (pED 50 ) to PHE of the whole tail and the base segment increased after endothelium removal or treatment with 100 µM L-NAME, which suggests modulation by nitric oxide. Indomethacin (10 µM) and tetraethylammonium (5 mM) did not change the E max or pED 50 of these segments. PHE and L-NAME increased the pED 50 of the middle and the tail end only and indomethacin did not change pED 50 or E max . Tetraethylammonium increased the sensitivity only at the tail end, which suggests a blockade of vasodilator release. Results indicate that the proximal segment of the tail artery possesses a diameter compatible with a conductance vessel, while the tail end has the diameter of a resistance vessel. In addition, the vascular reactivity to PHE in the proximal segment is nitric oxide-dependent, while the tail end is dependent on endothelium-derived hyperpolarizing factor.
Introduction
The rat tail artery has been used as a model to study several functional aspects of vascular smooth muscle (1) (2) (3) (4) (5) (6) (7) (8) (9) . Some studies refer to the tail artery as a resistance artery (10) (11) (12) (13) ; however, these studies do not define criteria for this classification. In fact, resistance vessels are arterioles and small arteries and 40 to 55% of the systemic vascular resistance resides in vessels with diameters >100 µm (14) up to a limit of 400 µm (15) .
Several studies have shown a significant difference in the vascular function between resistance and conductance arteries, and the techniques used to study the resistance vessels are costly due to the size of the vessel and to the high cost of the equipment for isometric or pressurized recordings. The tail artery is a suitable preparation for analysis of pressor reactivity and the perfusion technique is significantly less expensive than the measurement of pressurized arteries or isometric recordings of the 4th branch of the mesenteric artery, which is usually considered to be a resistance artery. Although frequently used as an entire isolated vascular bed (5) (6) (7) (8) (9) or as a small isolated dissected segment for pressurized artery protocols (2, (10) (11) (12) (13) , the caliber of this artery changes as it reaches the tail end. There are no reports describing the characteristics of different segments of this artery.
In addition, previous studies have demonstrated that the main endothelial factor liberated by the tail vascular bed is nitric oxide (NO) (6) (7) (8) . This relaxing factor is released mainly by the vascular endothelium of conduc-Functional and structural differences along the rat tail artery www.bjournal.com.br tance arteries (16) (17) (18) . However, in resistance arteries, the main relaxing factor released by endothelium is the endothelium-derived hyperpolarizing factor (EDHF) (19) (20) (21) (22) (23) .
Therefore, the present study evaluated and compared three characteristic: 1) the caliber of the base, middle and tail end segments of the tail artery; 2) the pressor responses of these segments during continuous infusion of different concentrations of phenylephrine (PHE); 3) the endothelial modulation of the vascular tone of these segments. These experiments were used to validate the perfusion of these preparations as a method to investigate vascular reactivity and to define whether the tail end of the tail artery might have characteristics similar to those described for a resistance artery.
Material and Methods
Rat tail arteries obtained from 30 male Wistar rats (EPM strain) weighing 250-350 g were used in this study. All experiments were conducted in compliance with the guidelines for biomedical research as stated by the Brazilian Societies of Experimental Biology. All rats had free access to water and were fed rat chow ad libitum. Five to 10 rats were used for each experimental group.
Isolated rat tail vascular beds were used as previously reported (24) . In short, the rats were anesthetized intraperitoneally (ip) with 65 mg/kg sodium pentobarbital, and after the loss of the righting reflex, 500 IU heparin (ip) was administered. Ten minutes after the administration of heparin, a 1-cm strip of the tail artery was dissected free and cannulated with an intracath (Nipro 24G ¾, Sorocaba, SP, Brazil) near the base of the tail.
The tail artery was then cannulated and perfused, either entirely or divided into 3 segments. Preparations were divided into 4 groups according to the place of the cannulation: whole tail group (N = 12), base group (N = 7), middle group (N = 6), and tail end group (N = 5).
The vascular bed was flushed with Krebs-Henseleit buffer (KHB: 120 mM NaCl, 5.4 mM KCl, 1.2 mM MgCl 2 , 1.25 mM CaCl 2 , 2.0 mM NaH 2 PO 4 , 27 mM NaHCO 3 , 11 mM glucose, and 30 µM EDTA) bubbled with 5% CO 2 -95% O 2 , at 36 ± 0.5°C. The tail was then severed from the body and placed in a tissue bath and perfused with KHB at a constant flow of 2.5 mL/min with a peristaltic pump (Milan, Colombo, PR, Brazil). After a 30-to 45-min equilibration period, the experimental protocol was initiated. Mean perfusion pressure was measured using a pressure transducer (TPS-2, InCor, São Paulo, SP, Brazil) and the data recorded using an interface and software for computer data acquisition (model MP100A, BIOPAC Systems, Inc., Santa Barbara, CA, USA) with a sample rate of 500 Hz per channel. Because a constant flow was used, changes in the perfusion pressure reflected changes in vascular resistance.
Randomized doses of PHE (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 300 µg, in bolus, in 100 µL; Sigma, USA) were injected into the rubber tubing just before the pump and the pressor effect was measured. A period of 7 to 10 min was allowed between consecutive doses of PHE that were constantly injected following the return of perfusion pressure to basal values.
Experimental protocol
Four protocols were used. In the first protocol after a 30-to 45-min stabilization period, endothelial integrity was evaluated with acetylcholine (ACh) administration (5 µg in 100 µL) in the tail artery pre-contracted with PHE (100 nM). Endothelial integrity was considered adequate when relaxation was greater than 50%. Relaxation to ACh reached 55.7 ± 1.6% in all groups. Smooth muscle viability was determined using sodium nitroprusside (SNP; 0.1 mg/mL) into the tail artery previously contracted with PHE. All groups showed a relaxation of 56.9 ± 1.6%.
Subsequently, increasing doses of PHE (0.01-300 µg, as bolus injections of 100 µL) were administered into the infusion medium in arteries with intact endothelium (CT). The same protocol, as described above, was performed in the same preparations following endothelial damage by a bolus injection of 8 mg CHAPS {3-[(3-chloroamidopropyl) dimethylammonio]-1-propane-sulfonate} in 80 µL as previously described (6) . The absence of functional endothelium (E-) was confirmed by the inability of ACh (5 µg in 100 µL) to produce relaxation. The endothelium-independent vasodilator response to 0.1 mg/mL SNP was also determined. Responses to PHE were measured 30 min after endothelial damage.
In order to determine the involvement of NO and of the prostanoids derived from the cyclooxygenase pathway on the pressure response to PHE, preparations were perfused for 60 min with 100 µM L-NAME, the NO synthase inhibitor (N = 5 to 7), or 10 µM indomethacin (N = 6), respectively. Basal NO release was evaluated by comparing the areas under the dose-response curves for PHE obtained in the absence and presence of L-NAME (7). The same analysis was performed evaluating dose-response curves to PHE during perfusion of KHB solution with indomethacin.
To evaluate the activity of a K + -channel opener, pressor responses to PHE were determined in the absence and in the presence of 5 mM tetraethylammonium (TEA) after a 30-min equilibration period. 
Analysis of the diameters of the tail artery segments
After the experiments, the segments of the tail artery were dissected, flushed with and fixed in Bouin solution for 12 h. After standard histological processing and embedding in paraffin, 5-µm thick serial sections were prepared for hematoxylin/eosin staining. For each tail segment, 4 transversal sections were used separated by a 40-µm interval. The vessel diameter was measured with a micrometer scale and a 100X immersion objective.
Data analysis
Results of perfusion pressure measurements are reported as changes in the mean perfusion pressure by subtracting peak pressure from baseline pressure.
For each dose-response curve for PHE, the maximum effect (E max ) and the bolus dose (µg) that produced onehalf E max (-log ED 50 ) were estimated using non-linear regression analyses (GraphPad Prism Software, San Diego, CA, USA). The sensitivity of the agonists is reported as pED 50 (-log ED 50 ).
Data are reported as mean ± SEM. Data were analyzed using a t-test and one-way ANOVA. When ANOVA showed a significant treatment effect, a post hoc Tukey test was used to compare means. P < 0.05 was considered to be significant.
Results
Relaxation with 5 µg ACh in arteries previously contracted with 10 nM PHE did not differ in the studied segments. Similarly there were no differences in the relaxation to SNP in the 3 arterial segments, or in the whole tail (Table 1) .
PHE increased the perfusion pressure of the tail artery of the rat in the 4 groups studied dose-dependently but no differences between E max or pED 50 values were observed (Table 1) .
Time control experiments were conducted to determine whether the duration of the experiment and the performance of the first dose-response curve to PHE could influence the stability of the preparations. No changes in baseline pressure or pressure responses to PHE were observed in the 4 groups studied (data not shown).
To investigate the role of the endothelium in the whole tail and the 3 segments of the tail, PHE dose-response curves were performed before and after endothelial damage (Table 1) . Endothelial damage was confirmed by the absence of the relaxation response to ACh (data not shown) and the baseline perfusion pressure increased in all groups. Endothelial-independent relaxation produced by SNP was not affected by endothelial damage. Figure 1 and Table 2 show that the sensitivity to PHE increased after endothelial damage but the E max only increased for the whole tail and the base of the tail. E max did not increase in the middle segment or at the end of the tail artery.
To determine the role of endothelial-derived factors, the involvement of the arachidonic acid and cyclooxygenase pathway was investigated using indomethacin, a well-known cyclooxygenase inhibitor. Baseline perfusion pressure and the dose-response curve parameters, E max and pED 50 , did not change after indomethacin treatment (Figure 2) showing that the arachidonic acid-cyclooxygenase pathway does not play a role in the pressure response to PHE. The participation of NO in the different segments of the tail artery was investigated with 100 µM L-NAME, a non-selective inhibitor of NO synthase. Baseline perfusion pressure was not affected. Regarding the doseresponse curves to PHE, L-NAME increased E max and pED 50 in the whole tail and in the base segment. However, the middle and tail end segments did not have changes in E max or in pED 50 ( Figure 3 and Table 3 ).
Because systemic vascular resistance resides in vessels with diameters >100 µm (14) up to a limit of 400 µm (15), we measured the diameter of the three different portions of the tail artery. The diameters (mean ± SEM Data are reported as mean ± SEM for 5-7 experiments. ACh = relaxation to acetylcholine; SNP = relaxation to sodium nitroprusside; E max = maximal response to phenylephrine; pED 50 = sensitivity to phenylephrine under control conditions; MPP = mean perfusion pressure before and after endothelial damage with CHAPS. pED 50 values are -log ED 50 . *P < 0.05 (paired t-test).
Functional and structural differences along the rat tail artery www.bjournal.com.br Figure 1 . Figure 1 . Figure 1 . Figure 1 . Figure 1 . Changes of the mean perfusion pressure (∆MPP; mmHg) produced by increasing doses of phenylephrine in the whole tail (A), base (B), middle (C), and end (D) of the vascular bed from Wistar rats. Dose-response curves were constructed in preparations with (E+) and without (E-) endothelium. Data are reported as means ± SEM for 5-10 experiments. The line between the curves E+ and E-represents the difference in pED 50 or E max . *P < 0.05 and **P < 0.01, E+ vs E-, t-test, repeated measures.
in µm for 5 tails) were base = 471 ± 4.9, middle = 540 ± 8.39, and tail end = 253 ± 2.58. The diameter of the tail end segment was significantly less than the other segments (P < 0.05, one-way randomized ANOVA). Only the tail end presented characteristics similar to those reported for resistance vessels, i.e., the diameter being <400 µm. Since vasodilation of resistance arteries is only slightly dependent on NO and the arachidonic acidcyclooxygenase pathway, the dependence on hyperpolarizing factors was studied using 5 mM TEA. After a 5-mM TEA treatment, the sensitivity to pressor effects of PHE in the tail end increased without any change in E max values (Figure 4) . However, in the whole, base and middle tail, 5 mM TEA did not affect the vascular reactivity to PHE (results not shown). Figure 3 . Figure 3 . Figure 3 . Figure 3 . Figure 3 . Changes of the mean perfusion pressure (∆MPP; mmHg) produced by increasing doses of phenylephrine in the whole tail (A), base (B), middle (C), and tail end (D) of the vascular bed from Wistar rats. Dose-response curves were constructed in preparations with intact endothelium before (CT) and 30 min after treatment with 100 µM L-NAME. Data are reported as means ± SEM for 5-7 experiments. The line between the curves CT and L-NAME represents the difference in pED 50 or E max . *P < 0.05, CT vs L-NAME, t-test, repeated measures. the other hand, the distal segment of the tail artery possesses a diameter similar to a resistance artery, and its tone reduction depends on the release of EDHF. The tail artery of the rat can be an important model for studying vascular function. Perfusion experiments enable the analysis of endothelial and smooth muscle tone regulation (2-9,23) and the functional analysis of Na + -pump activity (8, 24) . Previous studies were performed using the whole perfused tail artery or small isolated segments of this artery.
The rat tail artery develops a high perfusion pressure in response to 2.5 mL/min flow when compared to other vascular beds (24, 25) . The perfusion pressure increases as a function of flow and, as previously suggested (1-4), it is also suitable for the assay of vasopressor agents for isolated segments of arteries. These arteries respond to PHE stimulation with dose-dependent pressor responses. Therefore, as previously described, the rat tail artery develops an important intrinsic tone and a large vasopressor response to PHE (5, 6, 24) and has been reported to be a resistance vessel (10) (11) (12) (13) . Although frequently used as a proximal segment for perfusion (2,3,10-13) or as a whole isolated vascular bed (5, 6, 24) , the diameter of this artery changes as it reaches the tail end and, to this date, there are no reports describing the characteristics of different segments of this artery.
Vessels with diameters >100 µm (14) up to a limit of 400 µm (15) are considered to be arterioles and small arteries and are responsible for 40 to 55% of the systemic vascular resistance. The endothelial control of the vasodilator tone in these vessels is different from conductance vessels and EDHF and NO appear to be the main mechanisms that may account for this (11, 14, (19) (20) (21) (22) .
Thus, we used the whole tail artery of the rat or its division into 3 segments for perfusion in vitro under constant flow, in order to both establish and compare their characteristics and, at the same time, to define whether the end segment of the tail artery might be considered to be a resistance artery, due to its diameter. The diameter at the initial segment of this artery was compatible with a conductance artery. These measurements are important because they determine which portion of the tail artery might be referred to as resistance or conductance artery.
As to the vascular reactivity to PHE, the four groups presented several common characteristics. The pressor response to PHE was similar without any changes in E max or in the sensitivity to the vasoconstrictor action produced. When the endothelial-dependent and -independent relaxations were tested responses were also similar. Similarities among different vascular beds formed by conductance or other vessels were also shown (8) . Figure 4 . Changes of the mean perfusion pressure (∆MPP; mmHg) produced by increasing doses of phenylephrine in the tail end of the vascular bed from Wistar rats. Dose-response curves were constructed in preparations with intact endothelium before (CT) and after treatment with 5 mM tetraethylammonium (TEA). Data are reported as means ± SEM for 5-7 experiments. The horizontal line between the CT and TEA curves indicates the difference in pED 50 . *P < 0.01 CT vs TEA, t-test, repeated measures. Table 3 . Table 3 . Table 3 . Table 3 . Table 3 . Maximal response (E max ) and sensitivity (pED 50 ) to phenylephrine in the entire tail, base, middle and tail end before and after perfusion for 30 min with L-NAME.
Entire tail without L-NAME 428 ± 54.3 2.3 ± 0.2 Entire tail with L-NAME 566 ± 38.4 2.8 ± 0.08* Base without L-NAME 375 ± 28.8 2.3 ± 0.2 Base with L-NAME 482 ± 48.8* 3.0 ± 0.1* Middle without L-NAME 370 ± 18.2 2.3 ± 0.08 Middle with L-NAME 378 ± 39.7 2.4 ± 0.1 Tail end without L-NAME 400 ± 48.2 2.9 ± 0.07 Tail end with L-NAME 428 ± 44.6 3.1 ± 0.1
Data are reported as mean ± SEM for 5-7 experiments. pED 50 values are -log ED 50 . *P < 0.05, with L-NAME compared to without L-NAME (paired ttest).
Discussion
The results of the present study have shown that the proximal segment (base) of the tail artery of the rat possesses a diameter compatible with that reported for conductance arteries, while at the same time releasing NO. On As previously reported for the whole tail arterial bed (6) , no changes in baseline perfusion pressure were observed after performing the dose-response curve to PHE, which suggests that this procedure did not change the functional behavior of the tail artery.
However, after endothelial damage, the sensitivity increased in all groups, as expected, but E max increased only for the whole tail and the base segment. This finding suggests that the endothelium plays a different role for each arterial tail segment. The endothelial damage was confirmed by the lack of effect of ACh but the action of SNP was not affected, which seems to indicate that the smooth muscle cells were not damaged.
In order to determine which endothelial factor was involved in these different responses, the action of L-NAME was investigated. For the whole tail and the base segment, E max and the sensitivity to PHE increased, as it did after the endothelial lesion. This is a clear indication that NO is an important endothelial factor involved in vascular tone regulation in these vessels (26, 27) . In addition, this behavior is often found in conductance arteries (17, 18, 28) . The middle and the end segments were not affected by L-NAME treatment. This suggests that these segments have a minor dependency on NO.
In order to investigate the role of prostanoids in the tail artery and in the 3 segments, the effects of indomethacin, a cyclooxygenase inhibitor, were evaluated. No changes were observed in the 3 groups, which suggest that prostanoids do not play an important role in vascular tone regulation in these vessels (22) .
Finally, we tested the role of EDHF in the modulation of the pressor responses to PHE. For that we used TEA, a well-known K + -channel inhibitor. The results demonstrated that the pressor response to PHE was not modified by infusion of 5 mM TEA in the proximal and middle segments, indicating that EDHF does not play a role in the regulation of vascular tone. However, in distal segments, TEA increased the sensitivity to PHE, suggesting that a hyperpolarizing factor was inhibited. These findings corroborate other studies that have demonstrated that in resistance arteries EDHF plays a key role in the regulation of vascular tone (19) (20) (21) .
The results of this study suggest that the proximal segment of the tail artery possesses a diameter compatible with conductance vessels, while the tail end segment has characteristics in diameter and tone regulation similar to those of resistance vessels. This segment of the tail artery is a suitable resistance vessel preparation. The perfusion technique is very easy to perform and is less expensive than the analysis of pressurized arteries or the analysis of the rings of the 4th branch of the mesenteric artery, usually considered to be a resistance artery (28) .
